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Summary

Three ahernative power cycles were compared in
application as an exhaust-gas heat-recovery system for
use with advanced *‘adiabatic’’ diesel engines. The power
cycle alternatives considered were steam Rankine,
organic Rankine with RC-1 as the working fluid, and
variations of an air Brayton cycle. The comparison was
made in terms of the fuel economy and economic
payback potential for heavy-duty trucks operating in
line-haul service. The common baseline for the
comparisons was the performance and cost of an
adiabaticturbocompound diesel engine in the same
service.

The results indicate that, in terms of engine rated
specific fuel consumption, a diesel/alternative-power-
cycle engine offers a significant improvement over the
turbocompound diesel baseline. The maximum
improvement (12 percent) resulted from use of a Rankine
cycle heat-recovery system in series with
turbocompounding. Somewhat less improvement (9
percent) resulted from use of the Rankine cycle system in
substitution for the turbocompounding.

Performance of the steam Rankine and the RC-1
organic Rankine systems were found to be poteutially
equal at the uominal 671 °C (1240 °F) diesel exhaust-gas
temperature considered in the study. The air Brayton
cycle alternatives studied, which included both simple-
cycle and compression-intercooled configurations, were
less effective and provided only about half the fuel
consumption improvement of the Rankine cycle
alternatives under the same conditions.

Highway average fuel economy was assumed to scale
directly with the identified changes in engine rated
specific fuel consumption. The amount of vehicle fuel
saved with each improvement was then estimated on the
basis of 161 000 km (100 000 mi) annual use. The value
of the fuel saved was calculated using the 1983 average
fuel price of $0.32/%iter (31.22/gal).

Capital and maintenance cost estimates were developed
for each of the heat-recovery power cycle systems. These
costs were integrated with the fuel savings results to
identify the time required for net annual savings to pay
back the initial capital investment. An earlier survey of
industry sources has indicated that capital payback
within 8 maximum of 3 years is required for a concept to
be considered economically attractive.

The capital payback time results were consistent with
the results on improvement in engine rated specific fuel
consumption: The Rankine cycle heat-recovery system in
series with turbocompounding showed the best payback
time (3.2 yr), followed by the Rankine cycle system used
in substitution for turbocompounding (4.7 yr); payback
time for the air Brayton cycle alternatives were
significantly longer.

The sensitivity of capital payback time to arbitrary
increases in fuel price, not accompanied by
corresponding hardware cost inflatinn. was examined.
The results indicated that fuel price in.. eases of § and 25
percent, respectively, would be required for the
turbocompound-plus-Rankine cycle (series) system and
the Rankine-substituted-forturbocompound system to
pay back capital within the maximum acceptable 3 yr
time.

Introduction

The turbocharged diesel engine is currently the
unjversally accepted powerplant for heavy-duty, long-
haul truck applications. Although considered efficient by
most standards, these engines nevertheless reject much of
their fuel energy in the form of waste heat. The two
major heat-loss mechanisms are conduction to the water
jacket and hot gas flowing out through the exhaust stack.

The adiabatic engine of the future will feature
insulated cylinders and thus eliminate the water jacket
cooling. The typical adiabatic configuration will include
a turbocompound power turbine to recover some of the
waste heat from the high-temperature exhaust. More
efficient exhaust-heat recovery is desirable, but can only
be accomplished by the use of a more complex system
involving an appropriate heat-recovery heat exchanger
for transferring exhaust heat to a separate power cycle.

Historically, the Department of Energy (DOE) has
investigated the Organic Rankine Cycle System (ORCS)
for improved heat recovery from the exhaust of
conventional diesels. The advent of the adiabatic engine
with an exhaust temperature up to 50 percent higher than
conventional engines suggests a different operating
regime for which the DOE/NASA are currently
investigating alternative power cycles for exhaust-heat
recovery.
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This report presents ¢ comparative evaluation of three
alternative power cycles: steam Rankine, organic
Rankine, and air Brayton. The comparison is based on
cycle data generated in three paralld NASA study
contracts plus data generated at the Lewis Research
Center on an Automotive-Gas-Turbine (AGT) derivative
air Brayton system.

The comparative evaluation includes the power cycle’s
performance, annual fuel savings, c8st, and economic
payback when used for heat recovery from the exhaust of
an adiabatic diesel operating in typical long-haul truck
duty.

This work is part of the Department of Energy (DOE)
Heavy-Duty Transport Technology Program with project
management provided by the NASA Lewis Research
Center. The specific project element is Advanced
Adiabatic Diesel Technology; the task is Waste-Heat
Utilization.

The power cycle data used in this comparative
evaluation is based on information developed under
DOE-funded contracts issued by NASA. The appropriate
NASA Contractor Reports (CR’s) are identified in the
reference section of this report.

Adiabatic Diesel Baseline

The term ‘‘adiabatic diesel’”” as used in this report
refers to a low heat rejection engine incorporating
ceramic components as required to allow the elimination
of the traditional water jacket/radiator cooling system.
The engine is potentially more efficient and reliable, but
it is actually not adiabatic according to the true meaning
of the term. Current projections indicate that slightly
over 50 percent (overall) of the fuel input energy will be
rejected in the form of waste heat.

Waste heat leaves the adiabatic engine primarily in the
form of hot gases flowing out through the exhaust stack.
Significantly, the stack gas exits at temperatures in excess
of 550 °C (1022 °F); making the gas stream an attractive
heat source for use with most power cycles.

For purposes of comparing alternative power cycles, it
was considered desirable to establish a set of standard or
baseline adiabatic diesel conditions. This is particularly
appropriate for this study, which was conducted on a
noninterference basis; that is, the diesel cycle was
adjusted as it normally would be for best diesel
performance. No special compromises were introduced
to provide increased exhaust energy or otherwise benefit
any anticipated alternative power cycle. The resulting
diesel exhaust conditions were then considered as a
common heat source for all alternative power cycle
evaluations.

Diesel Performance and Exhaust Conditions

The adiabatic diesel is currently in an earlv
development stage with production of a fully insulated
engine not anticipated unti] at least the mid 1990’s. The
major development effort in this country has been the
U.S. Army Tank Automotive Command (TACOM)/
Cummins Engine Company cooperative program (ref. 1).
That program has included singlecylinder and
multicylinder engine tests with various degrees of
insulation installed.

The diesel data used in this report were obtained from
a series of Diesel Cycle Simulator (DCS) calculations.
(Information provided by V. Sudhakar, Cummins
Engine Company.) The DCS was programmed to
estimate the performance of an insulated engine with no
water cooling and only minimal heat rejection to the
engine oil. In this simulation the in-cylinder heat loss is
reduced by 60 percent. Hence the term *‘60-percent
adiabatic™’.

As illustrated in figures 1 and 2, four configurations of
the 60-percent adiabatic engine were examined:

1. Turbocharged (TC).

2. Turbocharged-Aftercooled (TC/A).

3. Turbocharged-Turbocompound (TCPD).

4. Turbocharged-Turbocompound-Aftercooled

(TCPD/A).

The parameters noted on the figures are the rated
power (full throttle) conditions achieved in each case at
199 rad/sec (1900 rpm) engir.: speed. The simulations
were established on the basis of an approximately 15
percent torque rise characteristic typical of engines for
long-haul applications. The air-to-fuel ratio at rated
power conditions for each illustrated engine is 28.

Significant with regard to potential waste-heat
recovery are the exhaust-gas temperature and flow rate
for each engine configuration. Gas temperature is seen to
vary by a total of 100 °C or 18 percent among the four
configurations shown in figures 1 and 2. The highest
exhaust temperature (671 °C) is associated with the
turbocharged engine without aftercooling (TC); the
lowest temperature (571 °C) is associated with the
turbocompound engine with aftercooling (TCPD/A). It
should be noted, however, that the general trend of
specific fuel consumption (sfc) shows higher exhaust-gas
temperatures associated with higher relative fuel
consumption.

Annual Fuel Expense Correlation

Engine performance is related to annual fuel expense
first through the vehicle characteristics that influence
highway fuel economy, then tarough the amount of
annual use or driving, and finally through the average
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average mission fuel economy; that is, the actual km/liter
(mi/gal) experience of the trucks on the road. Over-the-
road or mission average fuel economy is a complex
integration of the engine specific fuel consumption
characteristics with numerous vehicie and route
variables. The proper evaluation of all these variables can
only be accomplished via a computerized Vehicle-Mission-
Simulation (VMS) mode] (ref. 3). Unfortunately, VMS
modeling was not available within the scope of this study.
The alternative approach used in this study involved
evaluation of available truck performance data to
establish trends that could be used to predict the impact
of engine sfc improven.ents on mission fuel economy.

For mission fuel economy purposes, two types of
vehicles were identified; the average truck and the fuel
saver truck. Characteristics of both truck configurations
are summarized in table 1. The average configuration is
considered to represent the median or average of vehicles
in service today. Portions of the data on this
configuration were taken from a current statistical
abstract of the industry (ref. 4).

The fuel saver configuration represents the truck of the
future now being developed by the industry (refs. 5 and
6). It incorporates the latest in state-of-the-art equipment
for fuel economy improvement. The engine used is a
current, water-cooled, production unit. The 3.4 km/liter
(8.0 mi/gal) performance represents 50 percent better
fuel economy than the average truck with only an 11
percent better engine. Obviously, the majority of the fuel
economy improvement is due to the vehicle changes.

The question of interest for the future is ‘‘How will a
fuel saver configuration of this type respond to further
improvements in engine performance?’’ The precise
answer could be best estimated with a proper VMS

program considering the complete map of each engine
together with the appropriate vehicle characteristics. A
less rigorous approach is to assume that, with vehicle
characteristics constant, the vehicle fu:! economy will
improve in direct proportion to the change in engine
rated sfc. The validity of this approach is supported by
studies that indicate that 85 percent of truck mission fuel
is consumed at throttle settings within 10 percent of full-
throttle or rated conditions (ref. 7).

The curve in figure 4 shows how the fuel economy of
the fuel saver truck would change if engine rated sfc
improved over that of the engine presently installed. The

r Reference truck with 21 kW

Specific fue! consumption, IWhp-hr
Specific tuel consumption, xg/kwh

LA

.0 5 4.0 4.5 5.0
Kssion fuel economy, k| iter

L1 1 | { J
1 8 ] 10 1 12
Mission fuel econacry, gl

Figure 4.—Correlation of engine specific fuel consumption to truck fuel
econamy for the fuel saver truck configuration.

TABLE I.—CHARACTERISTICS OF VEHICLE CONFIGURATIONS
FOR CLASS 8 TRUCKS

Characteristic Average Fudl saver
configuration configuration
Age ISy New
Acrodynamic aids None Cap roof fairing
Gap fairings
Trailer side fafrings
Tires Dual redials Single-wide radials
Controls Manual Electronic speed/
cruise contro}
Engine rated sfc 0.231 kg/kWh (0.380 Ib/hp-hr) | 0.206 kg/kWh (0.338 Ib/hp-hr)
Mission fuel
economy &t
33 000 kg
(73 000 Ib)
gTOSS Wi, 2.3 km/lIiter (5.3 mi/gal) 3.4 km/Liter (8.0 mi/gal)
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curve is based on the assumption that fuel economy will
change in proportion to the rated sfc change. Indicated
on the curve is the 0.178 kg/kWh (0.293 1b/hp-hr) sfc
level of the TCPD/A engine of figure 2; this is the best of
the adiabatic diesel baseline engines. Engine sfc values
below this level can only be achieved with the addition of
the heat-recovery power cycles which are the subject of
this comparative evaluation.

Overall correlation.—The final step in the process is to
combine the sfc/fuel economy data of figure 4 with
161 000 km (100 000 mi) annual use to indicate the
relationship of engine performance to annual fuel usage.
This overall correlation is illustrated in figure 5. The
annual fuel usage of the TCPD/A diesel, shown in figure
5, is the best diesel performance available, and is thus the
baseline for measuring improvements available through
use of the alternative power cycles.

Diesel Capital Cost Estimsates

The objectives of the overall comparison effort
included an evaluation of economic as well as technical or
thermodynamic factors. Thus, each conceived diesel-
plus-alternative-power<ycle compound engine system
must be evaluated not only for the traditional sfc
performance, but also in terms of its estimated user cost
or purchase price as well. This requires the inclusion of
engine price estimates as part of the adiabatic diesel
baseline data.

As noted earlier, the adiabatic diesel is in an early
development stage. Accordingly, purchase price data are
not available. It is expected, however, that the cost of an
adiabatic diese] will be approximately equal to that of its
<ooled counterpart (ref. 1). The reasoning here is that the

sen 0
12108 — Reference truck with
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[ | I 1 J

4 » 2B 0 2 &0
Specific fug) cansumption, (bhp-hr

Figure §.—Correlation of engine specific fuel consumption to annual
fuel usage for the fuel saver truck canfiguration.

elimination of cooling system components (radiator, fan,
pump, and lines) will produce a cost savings that
approximately offsets the cost of the required advanced
technology ceramic insulating materials. Accordingly,
the price of current production engines is a guide to the
price of the advanced adiabatic diesel.

Price data for production TC/A engines was gathered
from several major engine manufacturers and plotted
together in an attempt to identify a consistent price
algorithm. The price used was the fleet price, which was
understood to be approximately 30 percent below the full
retail or list price. Fleet price is typically associated with
purchases of 10 or more units; however, recent depressed
sales in the trucking industry have resulted in fleet prices
being extended to a wider range of buyers.

The TC/A price data showed some scatter which is
considered to be typical of price data. After reviewing the
data, a price of $14 500 was established for the 239 kW
(320 hp) engine. Aiso, the data indicated that the change
in engine price with power level followed a nominal 0.7
exponent or logarithmic relationship. This relationship is
illustrated in figure 6 by the solid line identified as TC/A
diesel.

With the TC/# engine price algorithm established, it
was next necessary to develop compatible algorithms for
the other diesel configurations of figures 1 and 2. This
was done by assigning a $2000 price premium for
turbocompounding (including the attendant power gain)
and a $500 credit or discount for nonaftercooled
configurations. The resulting engine prices are illustrated
by the small circles in figure 6. The appropriate dashed
lines then establish the 0.7 exponent algorithm assumed
tor estimating the price impact of other engine size levels.
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Diesel Maintenance and Repair Costs

Maintenance and repair costs include all the labor and
material expenses required to keep the diesel engine in
operating condition. For long-haul operations of 161 000
km (100 000 mi) per year, these costs are very significant.

Contract repair.—For purposes of this study, diesel
maintenance and repair costs were estimated on the basis
of a contract repair program (ref. 8) which provides
lifetime coverage at a levelized annual cost. The coverage
includes all aspects of maintenance and repair except
items resulting from neglect or accidents. As such, it
includes overhauls as required during the contract period.
A cost breakdown is available which allows separation of
the conventional engine radiator and fan costs from the
bulk of the maintenance and repair costs. The data
available indicated that radiator and fan costs together
account for approximnately 11 percent of the overall
maintenance and repair cost.

Figure 7 illustrates thc adiabatic diesel contract
maintenance and repair cost correlation developed for
use in this study. The solid line was developed from two
cost quotes for a conventional, water-cooled, TC/A
diesel. The quotes were obtained for the 224 kW aad 261
kW sizes. In each case the conventionai engine radiator
and fan costs were subtracted from the quote to simulate
the adiabatic engine. Accordingly, the 239 kW (320 hp)
point on the solid line is the estimate applicable to the
adiabatic TC/A engine of figure 1. The line follows a
1.14 exponential relationship.

The appropriate points in figure 7 represent
maintenance and repair estimates for the TC, TCPD, and

o0 —

Maintenance and repalr costs, dollars

20

Figure 7.—Diesel maintenance and repair cost correlations. Levelized
annual costs are based on a 7-year maintenance and repair contract
and 161 000 km (100 000 mi) annual use.
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TCPD/A adiabatic diesels ot figures 1 and 2. In this
regard, it was assumed that removing the air<ooled
aftercooler with blower (TC/A to TC) would reduce
maintenance by $200 per year. Discussions with industry
representatives resulted in an estimated additive cost of
$350 for maintenance of turbocompounding (TC/A to
TCPD/A). The dashed lines follow a 1.14 exponential
relationship allowing extrapolation of costs to other
engine power levels.

Heat Recovery Power Cycle
Configurations

The exhaust gases leaving an adiabatic diesel are
significant in terms of potential recovery power; in fact,
the potential power of the exhaust stream is nearly equal
to the shaft output of these already efficient engines.
Using 149 °C (300 °F) as a reasonable minimum heat-
recovery heat exchanger temperature and 0.270 Kcal/kg °C)
(0.270 Btu/1b °F) as the average gas specific heat at
constant pressure (Cp), the exhaust power potential of the
TC diesel of figure 1 is 207 kW (277 hp) or 87 percent of
the shaft power indicated.

Obviously there is a tremendous potential for waste-
heat recovery and, therefore, improvement in overall sfc.
The key is to employ a heat-recovery svstem that
produces an adequate recovery benefit without exceeding
tolerable limits on system complexity and cost.

The number and variation of heat-recovery power
cycles and power cycle hardware configurations are very
large. Significant among the power cycle alternatives
would be steam Rankine, organic Rankine, and air
Brayton. These alternatives were the subject of recently
completed conceptual design studies which are the basis
for this comparative evaluation. Tiie Stirling cycle is a
fourth alternative for which an equivalent conceptual
design study is underway with a projected completion
date in 1985.

Steam Rankine System

The technology base for steam Rankine systems is, of
course, extensive in the areas of electric power
generation, railway locomotives, and auxiliary power
generation using process steam. The specific background
for automotive systems dates to the early steam cars. A
more recent, and probably more significant, base results
from the Government-sponsored Rankine engine
development work of the early 1970’s (ref. 9). The
conceptual design and performance data used in this
comparative evaluation were developed in 1983 in a
DOE-sponsored study of the steam Rankine power cycle
for waste-heat recovery from adiabatic diesel truck
engines {(ref. 10).
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Reheat cycle.—The typical high-performance steam
Rankine system as used in large electric generating
stations uses & reheat cycle. Reheat refers to a second
heating of the partially expanded steam prior to furthe:
expansion in a low-pressure turbine. The reheat cycle
provides improved performance but at the expense of
added heat-exchanger surface and expander (turbine)
hardware.

The poteniial of a reheat cycle was explored
rarametrically for the adiabatic diesel/heat-recovery
application. The analysis indicated that the power cycle
efficiency wculd indeed increase, but that the heat-
recovery efficiency, and thus the amount of energy input
to the cyvie, would actually decrease because the reheat
element interrupts the true countercurrent operating
mode of the heat-recovery heat exchanger. The net result
is a margina! half percent improvement in engine specific
fuel consumption.

Simple cycle.—Based on the minimal fue! economy
improvement indicated and in consideration of the added
hardware complexity and expected cost, the reheat cycle
was eliminated in favor of the simple cycle, illustrated
schematically in figure 8. The system, as illustrated in
figure 8, is recovering exhaust heat from the TC diesel of
figure 1. The cycle performance shown. including final
stack-gas temperature, results from an optimization of
heat-exchanger sizes in consideration of cost as well as
performance. The total power output (diesel plus
Rankine) considered against the diesel fuel rate indicates
an sfc of 0.165 kg/kWh (0.271 lb/hp-hr); a 14-percent
improvement over that of the diesel core (see fig. 1).

Figure 9 is a layout showing the diesel/steam system as
it might be installed in a truck. The major features are the
condenser assembly replacing the now absent radiator in
front of the adiabatic diesel, the heat-recovery steam
generator replacing the truck muffler with similar back-
pressure and muffling characteristics, and the power
module which includes the expander and water
feedpump. The expander is a two-cylinder piston device
with design features similar to an earlier six<cylinder
automotive engine (ref. 10). The expander operates at
diesel speed with a chain drive to the diesel flywheel drive
gear, thus avoiding the need for the multistage gear box
associated with reduction from turbine speeds.

A piston expander was selected for the steam system to
avoid the inherent low efficiencies associated with small
axial-flow turbines. Water (steam) exhibuts a high specific
enthalpy; thus flow rates per unit power output are low.
For low power levels the result typically is a very small
turbine with the axial blades so short that normal tip
clearance losses become relatively more significant,
resulting in poor overall efficiency.

Organic Rankine System

The use of organic fluids in substitution for water in
Rankine power systems originated in low-temperature
systems where the particular characteristics of certain
organic fluids offer a performance advantage. Organic
Rankine systems were the subject of developmental
efforts as a potential automotive engine in the early
1970’s (ref. 9). The most recent automotive effort has

TC Diesel Heat-Recovery Steam Cycle
Heat-recovery
Turbocharger 671 9 (1240 %), stsam generator .
1309 g/nr Ibhr) SR PRt by
Air inlet oy 2% -
2% 8%
- le -~
A -
538 °C (1000 %F) ~ Flow rate
(7182“30% Chaln 220 kg/hr (485 I/,
drive x1) ¥ 7.4 MPa Q075 psla)
T 43 Two~cylInder
;1O exgander
Lm“c 3% %)
| — -
) Water
Diesel reciprocator Condenser foedpump
Fusl rate 45, 3kg/hr (. 9 IVhr) 3 109 % @228 OF)
Diesel 236 kw (317 hp)
Ranking B kw _( 52 hp)

Total

kW B& hp)

Figure 8.—Diesel/steam sysiem schematic. Rankine cycle power output is based on highway operation with condenser fan declutched.
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been the DOE-sponsored Truck Bottoming Cycle
Program (ref. 11).

The organic working fluid for the DOE Truck
Bottoming Cycle Program was Fluorinal-85 with a
maximum fluid working temperature of 288 °C (550 °F).
The heat source was 482 °C (900 °F) exhaust gases froma
conventional water-cooled diesel. The program was
completed in 1982 wi'n a highway test series showing 12
percent fuel economy improvement for the bottoming-
cycle equipped truck over an otherwise identical truck.

The advent of higher exhaust-gas temperatures
associated with the adiabatic diesel indicated a need for
an organic working fluid with higher temperature
capability. The fluid selected for this adiabatic
diesel/organic Rankine conceptual design evaluation is a
mixture known from an early automotive Rankine fluids
study (ref. 12) as RC-1. The specific conceptual design
data and system performance information used in this
comparative evaluation are based on a 1983, DOE-
sponsored, RC-1 bottoming cycle study (ref. 13).

The RC-1 effort of reference 13 included dynamic fluid
loop testing to evaluate the thermal stability of RC-1 at
temperature levels of interest for the adiabatic diesel
application. Approximately 500 hr of testing were
completed at each of threc temperature levels; 371 °C
(700 °F), 427 °C (800 °F), and 482 °C (900 °F). The test
results indicated no evidence of thermal degradation of
the fluid.
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Figure 9.—Dicsel/steam system layout.

- Powsr transfer case
(Chaln drive)

High-performance cycle.—In a manner somewhat
analogous to the steam systems, the RC-1 power cycle
can be configured either as a simple cycle or a high-
performance cycle. In the high-performance cycle the
liquid flow is divided; part is vaporized in a diesel exhaust
heat-recovery heat exchanger and then expanded in a
high-temperature turbine while the remainder is directed
to an enlarged regenerator for vaporization at a lower
temperature by the superheated vapor leaving the high-
tempersiure turbine.

A preliminary analysis comparing the simple and the
high-perfc rmance cycles indicated that over 85 percent of
the potential fuel economy improvement is provided by
the simple cycle configuration. A comparison of the two
cycles indicated considerable additional complexity and
potentially much greater cost associated with the high-
performance cycle; that is, addition of the second vapor
generator and turbine stage, increased controls to
accommodate the flow split, and the fact that optimum
performance involved a 66 °C (150 °F) higher operating
temperature for the RC-1 working fluid.

On the basis of the relatively small performance
difference and a reluctance to incorporate the more
complex and costly system in a truck application, it was
decided to emphasize the simple cycle configuration in
the more detailed evaluation.

Simple cycle,—Figure 10 is a schematic of the simple-
cycle RC-1 system with flow conditions noted for
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TC Digsal HeatRecovery Organic Cycle
Heat-recovery
Turbocharger 671 0200, R TR e 70
Alr Hnlet \ l!ﬁl:; r2REL 2 .‘ - . ?:, LA
29°C 83%) . ,,' - "l‘.q;
4 Ret % g% %P “~ Flow rats
120 G 6.0 MPa @70 psia);
(1440 %) . 158 °c @17 %)
B31% Condenser
542 %) @lr cocled)
N
:,." ' at
Regenerstor §. P
Dissal reclprocator ‘o8con” 2
Fuet rats 45, 3kg/hr (9.9 (Whr)
:3 571°% 05%
Dleset 236 kw (317 hp)
Rankins 43 kW ( 58 hp)

Tolal 28t G hp

Figure 10.—Diesel/RC-1 organic system schematic. Rankine cyw power output is based on highway operation with condenser fan declutched.

operation with the TC diesel of figure 1. The organic
(Rankine) system power output of 43 kW (58 hp)
produces a resulting sfc of 0.162 kg/kWh (0.266 1b/hp-hr),
which is a 15-percent improvement over the core diesel
engine.

The RC-1 fluid systern with a significantly higher
weight-flow rate and thus lower specific work in the
expansion process presents a more tractable single-stage
turbine design problem than the parallel steam system of
figure 8. The design used involves an 89 mm (3-1/2 in)
diameter rotor operating at 55 000 rpm. The turbine
design thermal efficiency estimate of 77 percent is based
on design experience with previous organic turbines (ref.
14). The turbine gear box overall efficiency is 71 percent.

Figure 11 illustrates the RC-1 system installed in a cab-
over diesel truck. In a manner similar to the steam system
layout (fig. 9), the heat-recovery heat exchanger (vapor
generator) replaces the truck muffler in a vertical position
behind the diesel. A unique concept illustrated in figure
11 is the rear-mountes condenser with air scoop
extending over the top of the truck cab in a manner
similar to many diesel engine air-intake systems. The
turbine gear box mates with the diesel at a standard
power takeoff interface in the engine flywheel housing.
The total speed reduction from turbine to diesel
crankshaft is 29:1.

~
~ Contenser/ /-Cab-wer
| regenerstor truck
_ - —_ (rear view)
ll B
/T
v Dlesel
- ) N
! [ Flywhee! '
/ \\housing /
-+ / 7 / r— —1
LI ergnzmnrj
Organic vapor turbine
e

© e Sew o M‘::.VAZA#.A‘“;A

p———
InG3R)

Figure 11.—Diesel/organic system layout.
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Alr Brayton System

The Brayton systems considered in this report are all
open-cycle systems with air as the working fluid, and thus
are free from the high-pressure working fluid
containment problems assoclated with the closedcycle
steam or organic Rankine systems. In terms of
minimizing any additional complexity, the air Brayton
system could be considered as a next logical heat-recovery
step beyond the turbocompound diesel of figure 2. The
Brayton cycle system is distinguished from the
turbocompound system by the incorporation of a major
heat exchanger as part of the cycle. The role of the heat
exchanger is reversed in the two major variations of the
Brayton cycle as used for heat recovery.

Subatmospheric Brayton cyele.—Modification of the
turbocompound system with a downstream heat-
rejection heat exchanger (gas cooler) and compressor
(exhauster) changes the system to & subatmospheric
Brayton cycle configuration, as illustrated in figure 12.
The use of a gas cooler and exhauster reduces the back
pressure on the (turbocompound) power turbine to below
atmospheric levels; thus the term ‘‘subatmospheric’’
configuration. The lower backpressure in the
subatmospheric Brayton cycle effectively increases the
pressure ratio and power (heat) extraction of the power
turbine as compared to the turbocompound system of
figure 2. The key to cycle net power performance,
however, is in the compression work required to exhaust
the gases to the atmosphere. Compression work, in turn,

is keyed to the gas temperature at the start of
compression and thus to the design of the gas cooler as a
heat exchanger.

The impact of heatexchanger design on the
performance of the subatmospheric Brayton system was
evaluated parametrically (ref. 15) in comparison with a
pressurized Brayton system. In the pressurized system the
role of the heat exchanger is the more traditional role of
heat recovery; that is, heat is recovered from the exhaust
gas and transferred to the power cycle. As illustrated in
figure 13, pressures in thic power cycle loop are typically
above atmospheric; thus the term ‘‘pressurized’’ Brayton
cycle.

The Brayton <ycle comparative anal; sis indicated that,
in terms of net power recovery, the subatmospheric cycle
is superior to the pressurized cycle only if the heat
exchanger (gas cooler) is sized such that the exhaust-gas-
to-ambient-air (approach) temperature difference is less
than 45 °C (80 °F); or 64 °C (115 °F) if the cycle
configuration includes one stage of compression
intercooling.

The dependence of the performance of the
subatmospheric cycle on the very close approach
temperatures in the heat exchanger creates two problems
relative to the cycle hardware: (1) heat exchanger size and
cost increases asymptotically at the close-approach
temperatures, and (2) the cold end of the heat exchanger
is subject to high "~wuling rates and potentially subject to
acid corrosion.

TC Diessl Heat-Recovery Brayton Cycle
Heatrejection
heat exchanger
Turacharger 671 °C 1240 %F); (alrcocfed)w B’ &M
1309 kg/hr (2886 (b/r) L
Alr inlet N a
X°C @5 %) DA
0.1 MPa e T - —
16 psia) r
i 74°c°n
aes
Reduction
002 MPa ‘
" \ Py
Q&%) m M
Radia) turbine Radlal compressor
Diesei reciprocator
Fuel rate &5, 3kg/Mr (%, 9 IVhr) 3

Figure 1 2.—Diesel/subatmospheric Brayton system schematic.
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Information available from a previous experimental
program involving high-effectiveness heat exchangers
operating in a truck diesel exhaust environment indicates
that fouling of heat-exchanger surfaces is a significant
problem (ref. 16). Fouling is generally considered to
occur more rapidly at lower diesel exhaust-gas
temperatures. The accepted prastice has been to avoid
excessive fouling rates and/or acid corrosion by
maintaining exhaust-gas temperatures in the heat
exchanger above 149 °C (300 °F).

Figure 12 illustrates the impact of close-approach
temperature on the fluid temperatures in the
subatmospheric cycle. The 45 *C (80 °F) approach-
temperature difference combined with the 29 *C (85 °F)
ambient air temperature indicates a final exhaust-gas
temperature of 74 *C (165 °F), obviously well below the
149 *C (300 °F) guideline mentioned above. Note that the
same approach-temperature criteria applied to the
pressurized cycle (fig. 13) does not similarly imply low
exhaust-gas temperatures. The reason for this difference
is the cycle configuration in which the lowest temperature
in that heat exchanger is compressor discharge air at 225 °C
437 °F).

Ultimately, a decision was made to pick the pressu.ized
Brayton system over the subatmospheric system. The
decision was based on the fact that any postive
performance margin for the subatmospheric systein is
keyed to a progressively larger and more expensive :1eat
exchanger as well as to very low exhaust-gas tempernt ires

TC Dlesel i

PAQGEFE
OF POOR QUALITY
that aggravate the fouling and acid corrosion problem in
the heat-rejection heat exchanger.

Pressurized Brayton-AGT adaptation.—The Brayton
systems depicted in figures 12 and 13 are simple-cycle
configurations in that they represent the simplest
operating form for the Brayton cycle. Lowest capital or
initial cost typically is associated with the simple<cycle
configuration. In an attempt to establish the lowest
possible capital ¢o4i, a simple<cycle, pressurized Brayton
system based on a minimum modification adaptation of
the DOE/NASA Automotive-Gas-Turbine (AGT) engine
was investigated. (Information provided by D. Evans and
R. Tohnsen, NASA Lewis Research Center.) The
mix um modification approach to adaptation involves
some performance compromise, but seeks to establish
lowest capital cost by use of AGT components
anticipated to be produced at high rates and low cost for
future automotive applications.

The AGT adaptation to diesel exhaust-heat recovery
centers on removal of the AGT’s fired combustor and
modification of ducting as required to permit the rotary
regenerator to function as a heat-recovery heat
exchanger. Use of the automotive rotating regenerator as
a heat-recovery heat exchanger imposes performance
penalties on the Brayton system due to leakage past the
rotating-to-fixed element seals and the relatively lugh
flow resistance or pressure loss associated with the
regenerator core. Performance parameters for the AGT
adaptation are illustrated in figure 13. The 19 kW (26 hp)

Heat-Racovery Brayton Cycle
Heat-recovery
Turbocharger 671 % 0240°p), heat exchanger
1309 kg/Mhr (2886 [/hr) ”
Alr I, PR S
29°% 85°) ) L
642 °c 0138 %), 25 °¢ 43 %)
4 0.4 MPa (84 psla)
1R . .
(1440 °F) =
Radlat |~
turtine Radlal
| compressor
Diese! reciprocator
Fuel rats &3, 3kg/hr (W, 9 ibhr)
Dissal 236 kW OL7hp)
Sreyton 19 kW { 26 hp)

Totat  255kW O340 hpl

Figure 13.—Diesel/pres. - . 1zed Brayton system schematic,
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net output of the Brayton system results in a compound
engine system sfc of 0.177 kg/kWh (0.291 Ib/hp-hr); a
modest 8-percent improvement over the core diesel.

Pressurized Brayton intercooled cycle.—In addition to
the simplecycle or AGT adapiation approach described
previously, the pressurized Brayton system was also
investigated (ref. 15) on an optimized *‘clean-sheet’’ basis
(i.e., without the restriction of any previous hardware
design) using an intercooled cydle in an attempt to
improve performance. The cycle is illustrated in figure 14.

Incorporating one stage of intercooling into the
Brayton cycle not only reduces the average air
temperature during compression, it also allows for
slightly better compressor efficiency because the
pressure-ratio requirement is split between the two
wheels. The negative aspect cf the intercooled cycle is the
added hardware; that is, a second comnpressor wheel and
the air-to-air intercooler or heat exchanger.

The optimized clean-sheet design approach for the
intercooled cycle included use of a fixed recuperator as
the heat-recovery heat exchanger. Analysis of this cycle
indicates ths. the net power output is 27 kW (36 hp) and
the compound engine sfc is 0.172 kg/kWh (0.283 Ib/hp-hr);
a 10-percent improvement over the co. 2 diesel. Figure 15
illustrates a typical hardware packaging arrangement for
the intercooled cycle.

Power Cycle Comparison Factors

A comparative evaluation, as indicated in the title of
this report, requires a comparable basis from which the
evaluation is conducted. In this regard, the initial section
of this report established the adiabatic diesel baseline
which defined the diesel exhaust conditions which are the
heat source for the heat-recovery power cycles. With a
consistent adiabatic diesel heat source defined, the
alternative power cycle configurations were developed as
illustrated in the second section of the report and the
performance characteristics of each were estimated. The
configuration effort included component descriptions
adequate for conceptual cost estimates which will be
introdvced in this section of the report as various
performance and cost comparisons are made between the
various alternative-power-cycle configurations.

Performsance Comparison

Specific fuel consumption (sfc) is the fundamental
engine performance parameter that influences truck fuel
economy. In the case of a diesel with heat-recovery power
cycle, the performance parameter of interest is the sfc of
the compound engine. Compound engine sfc is the diesel
fuel rate divided by the combined power output of the
diesel reciprocator plus the heat-recovery power cycle.

TC Diesel
Turbocharger 671 9¢ (1240 %),
Air inl 1309 kg/hr (2886 IWhr)
29 &%
L4 Reduction
gearing
A1)

Diese! reciprocator
Fuel rate 45, 3 kg/hr (9. 9 1bhr)

L3

=X

turbine

Diesel  Z36&W (17 hp)
Braylon ZTkW (36 hp)

&0
140°m

Tolal 283w (BIhp)

Figure 14, —Diesel/pressurized (intercooled) Brayton system schematic. Intercooled Brayton power output based oz highway operation with

intercooler fan on low speed.
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Figure {5.—Presarrized (intercoola) Brayton system layout.

Compound engine sfc was initially evaluated in a
parametric phase in which all four of the diesel
configurations, TC, TC/A, TCPA, and TCPD/A, were
evaluated separately with each of the alternative power
cycles. The parametric analysis indicated that from an
overall sfc viewpoint, nonaftercooled diesels are
preferred as the core for a compound engine system. As a
diesel only, the nonaftercooled engines show a slightly
higher sfc accompanied by a relatively higher exhaust-gas
temperature (figs. | and 2). In the compound engine

configurations, including efficient exhaust-gas heat
recovery, this sfc trend is reversed and the configurations
with the nonaftercooled core show equal or better sfc
results. Accordingly, the emphasis in the comparison
efforts will be on the use of the nonaftercooled diesel
engines (TC and TCPD) as the core units.

Figure 16 is a summary of the sfc results illustrating the
diesel baseline data and the performance of the TC and
TCPD diesel-plus-heat-recovery power cycle compound
engine systems. The results illustrate an approximately
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Figure 16.—Specific fuel consumption (sfc) for various diesel/aliernative-power<ycle combinations.
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19-percent range of sfc values between the worst baseline
diesel (TC) and the best diesel/alternative-power-cycle
configuration (TCPD/organic). The appeal of the
turbocompound concept is evident in that it is clearly the
simplest form of heat recovery but still produces an
attractive 6 percent sfc gain (TCPD/A diesel as opposed
to TC/A diesel). The diesel-plus-alternative-power-cycle
results, however, indicate a potential for up to 12 percent
more improvement over the TCPD/A 1 <rformance.
Figure i7 shows how the sfc results of figure 16
combine with the fuel use correlation of figure 5 to
produce an annual fuel use reduction for each compound

engine system concept.

Capital Cost Comparisons

The purchase price or initial capital cost of a system is
a major factor in the determination of its relative
desirability. In the case of a fuel-efficient engine system
the buyer is expecting annual fuel expense savings that
will pay back the incremental or extra capital cost within
some fraction of the useful life. The balance of the
ownership period thus represents a net gain from the
purchase decision.

Unfortunately, the cost estimates for advanced systems
are typically less exact, or at least less uniform, than the
performance estimates. Two of the major uncertainties
involved are the anticipated production rate as it impacts
unit manufacturing cost and the pricing environment
which affects the markup ratio to selling price.

Production rate.—Figure 18 illustrates the relative
impact or sensitivity of unit manufacturing cost to annual
production rate. The points shown represent cost
estimates of a Rankine heat-recovery system developed
for threc production rates (ref. 13). The 10 000-unit rate
selected for use in this study is based on an assumption of
10 percent penetration into a class-8 diesel truck market
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Figure 18.—Impact of production rate on umt production cost.

averaging 100 000 units per year. Class-8 diesel sales over
a 6-y1 period from 1977 to 1982 have ranged from a high
of 158 000 units to a low of 67 000 units (ref. 17). Class 8
covers trucks from 15 000 kg (33 000 Ib) gross vehicle
weight up to the legal limit of 36 000 kg (80 000 1b) and
trucks used in all types of service from local to long-haul.
It is considered that heat-recovery cycles would be
attractive to the fraction of the class-8 market
represented Oy the high gross weight trucks in long-haul
service.

Markup.—The markup ratio from unit manufacturing
cost to selling price varies depending on market
conditions and on the bargaining strength of the buyer.
For this study a ratio of 240-1 was assumed as
representative of average market conditions and the
bargaining strength of a fleet purchaser. The resulting
fleet price is considered to be consistent with the diesel
engine price levels established in a previous section of this
report.

150.')[—
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3 g 2000 H—
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T¢I TCPDI TC!  TCPD/ TCI TCPD/ Yo TCPD/
AGT AGT Bray- Bray- Stem Stmm RC-l RC-1
ton  ton or- Or-
®nlc gnic

Diesel ] alternative-powsr-cycle configurations

Figure 17.—~Incremental annual fuel savings resulting from use of various diesel/aliernative powes cycles based on the TCPD/A diese] as the

baseline configuration and 161 000 km (100 000 mi} annual use.
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Cyxcle price estimates.—Table 11 is a tabulation of the
estimated capital cost or purchase price of each of the
several alternative-power-cycle systems under
consideration. The data shown were developed
independently in each case by an advocate for that
system. In general, all prices were developed by
estimating component unit manufacturing costs and then
applying the common 2-to-1 markup factor to reflect
installed price to a fleet purchaser.

The data in table I1 were developed on the basis of a
production rate of 10 000 units per year, except for the
AGT price which is based on a rate of 300 000 units. As
discussed previously, the AGT system is assumed to
represent a minimum modification of & automotive
(passenger car) gas-turbine engine. Accordingly, the
AGT price estimate reflects significant benefit from the
automotive production. Figure 18 indicates that unit
costs at the 300 000-unit production rate typical of
automobile production lines may be only about one-third
the cost of a comparable unit produced at the 10 000-unit
rate.

Table Il includes notations on selected physical
parameters that are considered to be wuseful in
rationalizing some of the more significant component
price differences between systems. Thc heat exchangers,
in addition to being sized by the surface area noted on the
table, can be characterized as either plate-fin or finned-
tube type. The plate-fin type, which for this study is
unique to the intercooled Brayton system, is typically
more compact and correspondingly less expensive than
the finned-tube type.

The bottom line on table II is the indicated total price
for each system. Within the limits of accuracy expected
for a conceptual design study, the prices shown are
considered to be reasonable. Accordingly, these prices

were used with appropriate adiabatic diesel prices to
develop an overall price for the various compound engine
systems.

Compound engine prices.—Compound engine prices
were developed by combining the appropriate diesel core
prices from figure 6 with the alternative-power-cycle
system prices from table II and then scaling as required to
reflect the compound engine price at a selected common
power level of 261 kW (350 hp). An example of this
overall procedure applied io the TC/steam compound
engine system is as follows:

TC diesel $14 000
Steam cycle + $ 6070
Compound engine $20 070

The resulting compound engine system, as illustrated in
figure 8 has a combined power output of 275 kW (369 hp).
At this point, the 0.7 exponent price-scaling factor
described earlier is applied to adjust to the common
power level. The resulting price is then compared to the
price of an equal power level TCPD/A diesel taken from
figure 6:

TC/Steam $19 341
TCPD/A — 316 838
Increment $ 2503

Note that the incremental difference shown for the equal
power level compound engine system i .onsiderably less
than the $4070 price difference between the
turbocompound and steam system indicated in table II.
The comparison at equal power levels acknowledges the
higher efficiency and thus greater power contribution of
the steam system.

TABLE iI.—PRICE ESTIMATES FOR ALTERNATE POWER CYCLES

Power cyde Turbo- AGT Brayton Steam Qrganic
hardware compound
Prime movers and $2000 $4273 $2230 $2664

heat exchanger
(heat transfer area)

speed reduction (1 wheel) (3 wheed) | (2 cylinder) | (1 wheel)
Heatrecovery not $1586 $1750 $324
heat exchanger applicable 39 m?) (19m? (43 m®)
(beat transfer area)
Heat-recovery not 8571 $1060 $1458

applicable | applicable | (39 m?) @) | (9md)

Controls and not
fluid tnventory

applicable | applicable | applicable

not $1030 51034

Total estimated price $2000 $3070

$6430 $6070 $8380

&Price estimnate besed oo X0 000 units pey year werszs |0 000 units per year fof other syzems shown.

Price breakdown by caiegory not aweilable.
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Figure 19 illustrates the incremental difference
(increase) in capital cost associated with each of the
candidate alternative power cycles as applied to the TC
diese] and also as applied to the TCPD diesel. Note that
the lower exhaust-gas temperature of the TCPD diesel
(fig. 2) results in downsizing of the alternative power
cycle Price estimates for these downsized units were
sca¢c. from the data of table 1l using the 0.7 exponent
techr ique described previously. The AGT system was an
exv:tion for which cost scaling was not considered
apjcopriate.

Maintenance and repair cost comparison.—The earlier

A starting point for the maintenance and repair cost
estimates was a figure of $350 received from Cummins
Engine Company personnel as & preliminary estimated
annual expense for the turbocompound power turbine
and gear train, including fluid coupling. From this basis,
the prime mover package estimates for the other
alternative power cycles were developed by incrementally
adding costs in relationship to perceived complexity. In
the case of the steam and organic systems the need for a
variable stroke fluid feedpump was also considered in the
prime mover cost category.
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discussion of the baseline adiabatic diesel maintenance
and repair costs served to illustrate the importance of
these costs in high kilometers (miles)-per-year long-haul
trucving applications. The various system schematic
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disgiams presented in the cycle configurations section of 5
this ‘eport show that in each case the alternative power 8
cycl. amounts to a rather significant subsystem addition g
to the diesel powerplant. The implication is that the 5
maintenance and repair burden of these subsystems will g Lo
also be significant. 2 gt
The capital price breakdown in table II indicates that °
the hardware of the alternative power cycles can be i
segregated as to prime movers, heat exchangers, and L
controls/fluids. A similar approach is taken for the N
malntenance and repair costs as illustrated in table III. i
The costs shown in table III were developed by NASA _}'};,-,
fexceptions will be noted) with emphasis on the relative e 7
<osts from system to system. In a manner similar to the ‘-:’}::
- diabatic d}esd_mmmenance and repair est.imams, the Figure 19.—Incremental price of various diesel/alternative-power-cycle R: -
jower cycle estimates are based on a levelized annual combinations normalized to 261 kW (350 hp) total power. The c
payment for a lifet’ o maintenance and repair contract. incremental price is based on the TCPD/A diesel price of $16 838. .- -
o
TABLE LII.—MAINTENANCE AND REPAIR COST ESTIMATES ';
FOR ALTERNATE POWER CYCLES ‘g‘{\"
Power cycle Turbo-~ AGT Rrayton Steam Organic Y
hardware compound }
Prime movers and |  $350 $400 $450 3450 | 18450 .
speed reduction | (1 wheed) | (2 wheed) | (3 wheel) | (2 cylinder) | (1 wheed) z
Heat-recovery ot $400 $200 $400 $400 o
Heat-rejection not not $200 $400 $400 i
heat exchanger applicable | applicable ) 1
Controls and not not not 250 $350 %
fluid mventory applicable | applicable | applicable h
Total estimated $350 $800 $850 $1500 $1600 R
annual cost® i
& sctdes Rankine cycle working fhaid feedpomp. ‘!
Diovefired anmal cost based 06 & 7-yekr mATIExEnos £nd A contradt end HO Q00 & (100 (00 o) per year

scnual o,

16




-_\h

N Heat exchanger maintenance and repair costs were
" based on the radiator and fan data that had earlier been
o subtracted from the state-of-the-art diesel contract repair
i program (ref. 8) in the process of developing the
2 adiabatic diesel maintenance and repair estimates of
o figure 7. The $400 radiator and fan estimate was adjusted
Sy downward for the simpler gas-to-air heat exchangers used
| in the Brayton system. The AGT rotary regenerator with
- ;’“ associated regenerator seals was a special case assigned
ity the full $400 cos*. This is considered to be consistent with
A the $340 cost estimated in the NASA study of the AGT
. heat-recovery system. (Information provided by D.
" Evans and R. Johnsen, NASA Lewis Research Center.)
- The maintenance and repair cost baseline for the
x‘, controls and fluid inventory category was adapted from

the estimate developed in reference 10 for the controls of

the steam system. This cost was increased by $100 for the

o organic system to allow for replacement of the organic

- fluid charge as required.

Py The maintenance and repair cost estimates from table
= 111 were combined with the adiabatic diesel maintenance
T and repair cost estimates of figure 7 in developing
1& maintenance and repair costs for the various compound
- engine systems. An example of the process for the TC-
'; plus-steam system is as follows:

i 3

4

TC diesel $3335
+ $1500

Compound engine $4835

Steam cycle

_ Note ihat these costs are for a compound engine rated at
] 275 kW (369 hp) as illustrated in figure 8. Consistent with

‘ the cost estimating lines in figure 7, an ezponent of 1.14
DU was used in adjusting these costs downward to reflect a
‘ common engine size of 261 kW (350 hp). At this point,
the estimated maintenance and repair costs for this
compound engine are compared to similar costs for the

TCPD/A engine:

TC plus steam $4552
TCPD/A — $4015
Increment $ 537

Note that the $537 increment differs from the result
(81500 - $350=3$1150) obtained by working directly with
the data in table I1I. The reason here, as with the capital
cost data, is that the comparison at equal power levels
acknowledges the higher efficiency and thus greater
power contribution of the steam system. Figure 20
illustrates the incremental annual maintenance and repair
costs assoclated with application of the various
alternative power cycles to the TC diesel and as applied to
the TCPD diesel. The figure shows the levelized annual
cost for a 7-year maintenance and repair contract and
161 00 km (100 000 mi) annual use.

incramental cost , doliare
8
T

(v
AGT  AGT

Figure 20.—Incremental annual maintenance and repair costs for
various diesel/alternative-power<ycie combinations normalized to
261 kW (350 hp) total power. The incremental price is based on the
TCPD/A diesel cost of $4015 per year.

Economic Pryback Comparisons

The prospects for widespread implementation of any
of the diesel/alternative-power-cycle systems are entirely
dependent on the ability of the systems to compete on an
economic basis. One expression of the economic merit of
a system is the operating time required to pay back or
recover the initial investment increment. Recent
marketing studies of the Organic Rankine Cycle System
(ORCS) for long-haul truck applications have indicated
that 2.5 to 3.0 yr is perceived as an acceptable payback
time (ref. 18). A separate survey of heavy-duty trucking
engine requirements (ref. 19) concluded that 1.5to 2.0 yr
is a desired payback time.

The concept of payback time as an economic measure
is predicated on a simple reward/risk relationship which
is apparent from the definition of the payback
relationships as follows:

. risk capital
Payback time = Alsavi (1)
Netreward (lifetime X annual savings)-risk capital
- = - - )
risk risk capital
lifetime
= payback tme | @)

Figure 21 illustrates the relationship of payback time to
net reward/risk ratio for an assumed 7-year life typical of
truck diesel engines. The figure indicates that 3 yr as a
maximum accepiable payback period equates to a
lifetime net reward/risk ratio of 1.33; that is, payback of
the initial investment plus $1.33 net reward on each §1.00
invested. Payback in 2.3 yr (28 monshs) indicates a net
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Figure 21.—Relationship of payback time to reward/nsk ratio.

reward ratio of 2.0 or a $2.00 net reward for every $1.00
risked.

For payback calculations on the various diesel-plus-
alternative-power<cycle combinations in this study, the
risk capital is the price premium or incremental price
increase over the competing TCPD/A diesel. The
incremental price of the TC/steam system over a
TCPD/A diesel is illustrated in figure 19 as $2503. This
dollar number is then modified by a factor of 0.85 to
reflect an assumed 15-percent salvage value in the
equipment at the end of the 7-year lifetime. The resulting
risk capital amount is $2128,

The annual savings is the fuel (expense) reduction
minus the increased maintenance and repair burden
associated with a more complex total engine system. All
the values are incremental changes with reference to the
TCPD/A diesel. The annual savings afforded by the
TC/steam system can be calculated as follows using the
fuel price of $0.32/liter (31.22/gal):

Annual fuel expense reduction (fig. 17)  $992
Annual increase in maintenance and

repair costs {fig. 20) ~ $537
Annual savings (net) $455

The payback time for the TC/steam system can be
calculated (eq. 1) as $2128/(3455/yr)=4.7 yr.
Unfortunately, this result indicates the system is not
economically attractive at current fuel prices.

Figures 22 and 23 illustrate the payback results for the
various candidate alternative-power-cycle systems as
applied to the TC diesel and as applied to the TCPD
diesel. The payback results are presented as a function of
fuel price, assuming an arbitrary increase in fue] price not
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Figure 22.—Payback time for various TC diesel/abternative-power-
cycle combinations with the TCPD/A diesel as a baseline for payback
companison.
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Figure 23.—Payback time for various TCPD diesel/alternative-power-
cycle combinations with the TCPD/ A dicsel a3 a baseline for payback
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accompanied by an increase in equipment and/or
maintenance costs. In each case, the basis for payback
comparison is 8 TCPD/A diesel of equal power.

The payback results indicate that, at the current fuel
price, none of the candidate alternative-power<ycle
systems is economically attractive as a replacement for
the TCPD/A diesel. As fuel price increases, the first
systems to become attractive are the Rankine cycle
systems followed by the intercooled Brayton system. In
all cases, use of the TCPD diesel is more attractive
(provides quicker payback) than use of the TC diesel.

In an attempt to gain additional insight into the relative
economic apreal of various engine configurations, the
methods previously described were used to calculate the
payback of a TCPD/A diesel versus the TC/A diesel.
The results, based on the adiabatic diesei data in this
report, indicate that the more fuel efficient TCPD/A
diesel (versus TC/A) crosses the 3-year payback
threshold at a fuel price of $0.23/liter (30.87/gal) and at
current fuel prices would payback in an attractive 1.92 yr.

Comparison of Steam Versus RC-1 Organic Fluid for
Rankine Cycle

The Rankine power cycle is identified by the fact that
the state of the working fluid changes from liquid to
vapor and then back to liquid at specific locations in the
closed-loop system. Because a change of state is involved,
the unique characteristics of the working fluid in terms of
the liquid-vapor phase interface (vapor dome) become
important.

Steam is the selected working fluid for the vast
majority of operating Rankine cycle power systems. Its
characteristics of low cost and wide availability have
made it the universal choice for direct-fired applications.
For waste-heat applications, however, the various
organic fluids have received consideration for their
unique characteristics that provide better efficiency when
coupled to a low-temperature heat source. The key factor
involved here is the heat recovery efficiency which is a
measure of the efficiency with which heat is extracted
from the waste-heat stream.

Figures 24 and 25 are temperature as a function of
enthalpy (t versus H) plots illustrating the steam Rankine
and the RC-1 organic Rankine configurations introduced
earlier in this report. Included on each plot are the vapor
dome characteristics of the respective fluid as well as lines
representing tiie diesel-exhaust stream of the TC
adiabatic diesel as used in this study and the lower-
temperature exhaust of a conventiongl water-cooled
diesel engine.

The shape of the vapor dome influences heat-recovery
efficiency via the location of the so-called pinch point, or
point of minimum temperature difference between the
exhaust-gas stream and the cycle working fluid. With
RC-} organic fluid, the vapor dome is skewed such that
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Figure 24.—Heas addition profile of RC-1 organic Rankine cycle.
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Figure 25.—Heat addition profile of steam Rankine cycle.

the pinch point is at the low temperature end of the heat
exchanger (fig. 24). This location allows for efficient
cooling of gas streams regardless of their starting
temperature. In the steam system (fig. 25) the pinch point
is in effect a pivot for the exbaust-gas cooling lines of
various temperature origins. The result is that the high-
temperature exhaust for the adiabatic diesel is actually
cooled (heat recovered) to a lower final temperature than
the exhaust stream from the conventional water-cooled
diesel. This means that the steam system'’s heat-recovery
efficiency improves significantly when used with the
adiabatic diesel.

Another item illustrated in figures 24 and 25 is the fact
that the steam systezn has been designed for a
significantly wider pinch-temperature difference than the
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RC-1 organic system. The pinch-temperature difference
is a major factor impacting heat exchanger size. The
wider pinch temperature used in the steam system
represents a compromise in heat-addition efficiency and
also accounts for most of the price difference between the
steam and RC-1 organic systems as shown in table II.
Reducing the pinch-temperature difference of the
steam system to equal that of the RC-]1 organic system
would allow the extraction of heat from the exhaust-gas
stream down to a temperature of approximately 163 °C
(325 °F). The additional heat recovered would boost the
power level of the steam system to essentially equal that
of the RC-1 organic system, but the corresponding
requirement for increased vapor generator surface area
(table II) would also boost the price to near that of the
RC-1 organic system. Thus, the steam and RC-1 organic
Rankine systems can be essentially equal in performance
and price if both are configured with the same design
philosophy for application with an adiabatic diesel.

Cycle Sensitivity to Diesel Exhanst Temperature

As discussed earlier, the adiabatic diesel is an advanced
concept just emtering the early developmental stages.
Accordingly, the engine configuration and operating
parameiers are not fixed. Among the parameters subject
to change is the exhaust-gas temperature. For this reason
it is desirabie to establish the sensitivity of the various
alternative power cycles to variations in temperature of
the diesel exhaust gases.

The most immediate and direct impact of exhaust-gas
temperature on the alternative power cycles is the
variation of power output. Typically, the alternative
power cycles are capable of cooling exhaust gases to a
final stack temperature in the range of 150 to 200 °C (300
to 400 °F). Based on 150 °C (300 °F) as the final stack
temperature, increasing the exhaust gas starting
temperature from 538 °C (1000 *F) up to 871 °C (1600 °F)
results in an 86-percent increase in available temperature
difference and thus, available energy.

The extent to which the energy available in higher-
temperature exhaust gases can be utilized depends on the
characteristics of the individual power cycles. Figure 26
illustrates the power output sensitivity of the RC-1
organic Rankine system, the intercooled Brayton system,
and the steam Rankine system over a range of diesel
exhaust-gas starting temperatures. Both the Brayton and
steam systems display greater response to exhaust-gas
temperature increases than the RC-1 organic system. The
RC-1 organic system is the least responsive system
because of limitations on the maximum safe-operating
temperature of the RC-1 organic working fluid.
Preliminary data from laboratory testing (ref. 13)
indicates the RC-1 organic fluid may be stable at
temperatures up to 480 *C (900 °F). For purposes of this
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Figure 26.—Sensitivity of alternative power cycle performance to diesel
exhaust temperature. (Diesel exhaust flow rate 1309 kg/hr (2886
Ib/hr).)

study, however, an RC-1 organic fluid temperature limit
of 400 °C (750 °F) was assumed to represent a safe
margin against fluid deterioration in long-term service
under field operating conditions.

The steam Rankine and the Brayton performance
projections shown in figure 26 assume that the cycle
working fluid (steam or air) peak temperature will be
allowed to increase as the exhaust-gas or heat-source
temperature increases. Accordingly, the performance
benefits from improvements in cycle efficiency as well as
from the increase in energy available in the diesel
exhaust. The steam cycle receives an additional benefit
from improvement in the gas-to-steam heat-recovery
efficiency associated with the higher initial temperature
of the heat source.

A significant point illustrated in figure 26 is that, in
terms of cycle power performance, the Rankine systems
remain superior to the Brayton system within the
temperature range examined. Regarding the choice
between steam or the RC-1 organic as the Rankine cycle
working fluid, the higher gas-source temperatures favor
the steam system. Note also that the data in figure 26
were developed from the specific conceptual design
results for each cycle concept. As discussed in the
previous section, the heat-recovery heat exchanger for the
steam system is a8 compromise for cost at about half the
surface area of the corresponding unit in the RC-1
organic system. The point is that the power performance
curves shown in figure 26 are relative. Power
performance of the steam and RC-1 organic Rankine
systems would be approximately equal at the 671 °C
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(1240 °F) exhaust-gas temperature level if the heat-
recovery heat exchangers were of comparable size.

Technological Barriers

For purposes of this report, the term ‘‘technological
barrier’® refers to major technological problems that
would deter an appropriate industrial source from
pursuing an otherwise attractive diesel/heat-recovery
power cycle system. This definition excludes the more
routine product development problems as being the
normal responsibility of the industry in bringing a new
product to the market.

In general, the environment and operating
requirements of a heat-recovery power cycle are
consistent with state-of-the-art technology. Working as it
does, with the heat rejected from a prime (diesel) cycle,
the temperature levels of the heat-recovery power cycle
are modest in comparison to the prime cycle. There are,
however, technological barriers associaied with efficient
recovery of the heat from the diesel exhaust strzam and
with the operation of the steam and organic cycles.

Heat exchanger fouling.—Effective heat recovery
within envelope limits of a typical truck configuration
requires a compact heat exchanger with closely spaced
passages. Previous experimental results (ref. 11) indicate
that such heat exchangers are quickly fouled by the
particulate laden diesel exhaust gases.

There are some preliminary data (ref. 1) on the
adiabatic diesel that indicates particulate levels for such
an engine may be dramatically lower than for
conventional water-cooled engines. An anticipated trend
toward the use of heavier grade fuels, however, would
likely reintroduce the fouling problem. Accordingly, gas-
side fouling of the heat-recovery heat exchanger remains
a primary technological barrier that influences all power
cycles.

Experimental work has been accomplished (refs. 20 to
22), and work is continuing (ref. 23), in regard to the
fouling problem. The experimental investigations have
related fouling rates to gas temperatures and metal
temperatures in the heat exchanger. Methods of
prevention and/or removal have included soot blowing
and periodic water wash as well as a self-cleaning
technique in which the cycle working fluid flow is
interrupted for a period of time to allow metal
temperatures to rise to the point where soot dries and
flakes or can be blown off. The latter technique generally
15 not considered to be applicable to organic fluid systems
due to a risk of overtemperature decomposition of any
organic fluid residue remaining in the heat exchanger
during the high-temperaiure operation.

Organic fluid characteristics,—The organic working
fluid designated RC-1 is a mixture of 60 mole percent
pentafluorobenzene and 40 mole percent

hexafluorobenzene. The fluid presently has an
experimenta! status, having been examined in laboratory
tests but never used in a Rankine power system of the
type described in this report.

Acceptance of the RC-1 fluid for on-highway power
cycle applications would require extensive experimental
verification of the fluid characteristics in terms of
thermal stability under operating conditions as well as
potential environmental and/or safety hazards. Only
preliminary work has been performed in this area to date
(refs. 12 and 13).

Steam system freeze protection.—The water working
fluid used in the steam system cannot be protected by an
antifreeze, as is the water in a conventional engine
cooling system, because of the significantly higher
temperatures involved in the steam power system.
Accordingly, the steam system could be subject to
hardware failure because of water freezing during a
shutdown period.

The old-time steam cars avoided the freezing problem
by a combination of limiting winter exposure and
operation on a open-cycle basis such that the system
could be boiled dry prior to any period of cold weather
shutdown. This approach is not acceptable for modern,
high-performance applications, however.

Preliminary work indicates that proper sizing and
design of the boiler and condenser water passages can
allow for safe drainage to a protected sump during
shutdown. Confirmation of this design approach by an
appropriate system test is needed to remove this perceived
barrier.

Systen cost and complexity.—The significant fuel
economy improvement potential of the diesel/Rankine
compound engine system is undisputed. Widespread
implementation of the concept, however, is blocked by
concerns for adequate economic and operational
payback in view of the very significant hardware cost and
complexity.

A potential for meaningful reduction in cost and
complexity of the adiabatic diesel/Rankine system may

-lie in an integrated engine approach. The integrated

approach involves the adaptation of one or more
cylinders in the diesel block to Rankine power. The
integration effort would include design of the Rankine
vapor generator for close coupling to the engine within
the engine compartment. Such an approach would
require the services of both engine and vehicle designers.

Conclusions

The comparative evaluation of alternative power cycles
for adiabatic diesel waste-heat recovery involved a
complex integration of technical and economic factors.
The major technical basis for the study is a series of heat-
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recovery power cycle conceptual designs including
estimates of cost and design point performance. Highway
fuel economy was then assumed to scale on the basis of
relative changes in engine design point performance.

The confidence level of the comparison could be
improved by increased emphasis on the economic and
mission factors. Specific steps for improvement would
include review of capital and maintenance costs by an
independent industry source, development of engine-part
power maps, and use of a valid truck mission-simulation
model to evaluate highway fuel economy.

With these limitations in mind, the study results
indicate the following conclusions:

(1) Fuel saver trucks incorporating significant
nonengine fuel saving features reduce the mission energy
leved and thus the economic justification for a heat-
recovery power cycle,

(2) An increase in fuel price improves the economic
justification for heat-recovery power cycles, but only to
the extent that the fue] price change is not accompanied,
or closely followed by, associated engine price inflation.

(3) The economic justification for turbocompounding
is strong. The TCPD/A engine, compared against the
TC/A engine, showed a very attractive payback time at
current fue] prices.

(4) The economic justification for displacing the
TCPD/A engine with a diesel/heat-recovery power cycle
engine is weak. An arbitrary fuel price increase, not
accompanied by hardware cost inflation, is needed to
provide economic payback within even the maximum
acceptable time period (3 y1).

(5) The fuel economy performance and the economic
justification is best where the heat-recovery power cycle is
used (added) in series with turbocompounding; that is,
rather than as a substitute for turbocompounding.

(6) Among the heat-recovery power cycles studied, the
Rankine cycle provides the best fuel economy; up to a
12-percent improvement over the TCPD/A engine. The
Rankine cycle also shows the best relative economic
justification of the heat-recovery power cycles studied.

(7) At the temperature levels indicated for the
adiabatic diese], the Rankine cycle working fluid can be
either RC-] organic or steam resulting in essentiaily the
same power performance and economic payback.
Regardless of which fluid is used, the design criteria
should be a compromise between performance and cost.

(8) The diesel/Brayton systems are inferior to the
diesel/Rankine systems in terms of fuel economy and
economic justification. The low cost diesel/AGT
adaptation shows only minimal fuel economy
improvement over the TCPD/A engine. The optimized
diesel/Brayton system costs as much as a diesel/Rankine
system, but provides only half the fuel economy

improvement.

(9) The major technological barriers associated with
the heat-recovery power cycles are the indicated
complexity and resulting capital and maintenance cost of
the systems. These factors seriously weaken the economic
attractiveness of the systems. An additional barrier is that
of diesel exhaust-gas fouling the heat-recovery heat
exchanger.

National Aeronautics and Space Administration
Lewis Research Center
April 18, 1985
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back the initial capital investment.
arbitrar
cost inflation, was also examined.

The sensitivity of capital payback time to

increases in fuel price, not accompanied by corresponding hardware

The results indicate that a fuel price

increase 1s required for the alternative power cycles to pay back capital within

an acceptable time period.
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